n ecrotizing enterocolitis (NEC) is the most common and severe intestinal inflammatory disease occurring principally in very-low-birth-weight premature infants (1) (2) (3) . Infants able to survive NEC are susceptible to complications such as impaired nervous system and/or development of short bowel syndrome (2, 4) . Even though NEC represents a significant health threat and a common topic for research for quite a while, the current understanding of the pathological mechanisms associated with the development of this devastating disease is still very scant.
A striking fact is that infants fed with human breast milk (HBM) have a significant reduced incidence of NEC, reaching a ratio of up to 1:10 when compared to infants fed milk formula (5) (6) (7) (8) . The reason why HBM exerts such a protective effect finally avoiding NEC development remains to be determined.
It is well known that one of the most important anatomical and physiological features of the gut barrier is the tight junctions. Additionally, it is well established that the gut barrier in NEC patients is severely damaged (9) . The tight junctions are large protein complexes situated at the apical paracellular junction of epithelial cells. They are considered as the "gate keepers" maintaining the epithelial-barrier of the intestine impermeable (10) . One of the key tight junction proteins is occludin which is a ~65-kDa tetra-span protein with two extracellular loops. An additional member is the claudin family of proteins consisting of at least 24 variants ranging from 20 to 27 kDa. Even though claudins do not share sequence similarity with occludin, they comprise also a tetra-span transmembrane protein with two extracellular loops (10) .
Matrix metalloproteinases (MMPs) are a group of endopeptidases that play a key role in the degradation of extracellular matrix (11) (12) (13) (14) (15) . The natural inhibitors of MMPs are the tissue inhibitors of metalloproteinases (TIMPs), which are produced by the same cell types that produce MMPs and regulate their proteolytic function (16) . Some studies have demonstrated that several MMPs are upregulated in NEC (17) . MMP-1 was previously detected in NEC samples in fibroblast-like cells of the stroma and in epithelial cells of regenerating areas (18) . Bister et al. (18) demonstrated that several other MMPs in addition to MMP-1 may play key roles on tissue destruction and remodeling in NEC. It has been also previously shown that MMP-3 and TIMP-1 transcripts were upregulated in NEC compared with control samples, whereas MMP-1, MMP-2, MMP-9, and TIMP-2 transcripts remained unaltered (15) . We have recently found that MMP-2 and MMP-9 are expressed in HBM (11) and thus suggested that balance between extracellular proteases and their inhibitors in human preterm milk might contribute to the beneficial biological effects of breast milk upon the premature gut.
The characteristic cleavage activity of MMP-2 (also known as gelatinase A), is breakdown of peptide bonds located in areas rich in amino acids containing an hydrophobic side chains such as phenylalanine, leucine, isoleucine, and tyrosine (16) . Interestingly, the amino acid sequence of occludin exhibits high prevalence of tyrosine, this is evident mainly in the first extracellular loop which contains a high number of tyrosine and glycine residues (~60%) (19) ; therefore, it is reasonable to speculate that occludin may provide a legitimate substrate for MMP-2 enzymatic activity.
Changes in the balance between MMP's and TIMP's levels have been found to be key determinants associated with the outcome of several pathological processes (16) .
The aim of the present study was to investigate the putative role that TIMP-1 may play on preserving the tight junctions and thus the gut barrier integrity through the control of the degradation activity exerted by MMP-2. Since one of the key characteristics of NEC is degradation leading to the destruction of gut barrier, our aim was to demonstrate whether TIMP-1, a molecule found in HBM, exerts a protective effect of NEC development through the specific inhibition of MMP-2 enzymatic activity.
RESULTS

Caco-2 Cells Secrete MMP-2
Figure 1 exemplifies a zymography conducted on 10% SDS-PAGE, containing 0.1% (w/v) gelatin used to test the expression and activity of MMP-2 present in conditioned media (CM) harvested from cultured Caco-2 cells. CM from cells cultured in medium supplemented with 20% (v/v) fetal bovine serum (FBS) showed a band slightly above 70 kDa molecular weight marker, corresponding to the 72 kDa proenzyme form of MMP-2. In contrast, CM harvested from cells cultured in medium supplemented with 0.5% (v/v) FBS showed a band at ~64 kDa, corresponding to the active form of MMP-2.
Inhibition of MMP-2 By the Recombinant TIMP-1 Molecule
To test the ability of TIMP-1 to inhibit MMP-2 endopeptic activity, different concentrations of recombinant TIMP-1 (10, 100, and 200 ng/ml), were tested while the known inhibitor-NNGH provided the control activity. Figure 2a shows a representative graph describing the kinetics of MMP-2 inhibition. The calculated remaining activity of MMP-2 is shown in Figure 2b . While TIMP-1 at a concentration of 10 ng/ml exerted only a minor inhibitory effect on MMP-2 activity (7%), higher concentrations of TIMP-1 (100 and 200 ng/ml), showed a significant inhibitory effect in a dose-dependent manner. TIMP-1 at a concentration of 100 ng/ml caused a 23% inhibition in MMP-2 activity (P < 0.001) while a concentration of 200 ng/ml caused a 43% inhibition in MMP-2 activity (P < 0.0001).
Effects of Recombinant TIMP-1 on Caco-2 Intestinal Cells Activities
TIMP-1 may interact directly with epithelial cells and affect gene expression or apoptosis (20) . To assess whether TIMP-1 exerts an effect on apoptosis of Caco-2 cells, we checked for changes in the expression of apoptosis related genes. Supplementary Figure S1 online shows that TIMP-1 did not modify the expression of the apoptosis related genes BAX and Bcl-2, a finding indicating that TIMP-1 does not affect apoptosis of treated epithelial intestinal cells.
Claudin-4 is a member of the Claudin's tight junction protein family amply expressed in the intestine. We tested whether TIMP-1 treatment has an effect on the expression of claudin-4 in Caco-2 cells. We used western blot analysis to monitor claudin-4 expression at the protein level. Figure 3 demonstrates that the expression of Claudin-4 was not altered by any of the different concentrations of TIMP-1 used to treat Caco-2 intestinal cells. 
Articles
We assessed herein whether different concentrations of TIMP-1 affect the expression of the genes coding for occludin, claudin-4, β-catenin, and zonula occludens 1 (ZO-1). Figure 4 shows that TIMP-1 did not exert any significant effect on the expression of these genes coding for tight and adherence junction proteins in Caco-2 cells.
Occludin is a major tight junction protein that plays an important role in keeping the intestinal barrier impermeable (19) . Figure 5a ,b, demonstrates that TIMP-1 at 10 ng/ml, led to a moderate but not significant increase in the expression of occludin. However, in Caco-2 cells treated with 100 ng/ml of TIMP-1, a significant (P < 0.001) increase in the expression of occludin (more than two fold as compared to control was found). This finding was further validated by immunofluorescence staining. Figure 5c shows increased expression of fluorescent stained occludin (in a dose-dependent manner) as compared to control in TIMP-1-treated cells, supporting the western blot data.
DISCUSSION
Numerous studies conducted in the last decades have shed light on putative pathways involved in the development of NEC, yet we still lack an in-depth understanding of the pathophysiology of this devastating disease. In light of these limitations, the current approach to deal with this threat is treating the symptoms as they appear and trying different approaches for prevention such as providing probiotics or feeding the preterm infant with HBM (21) . While some studies have been performed in the field of probiotics and their effect on NEC (1, 22) , fewer studies have been conducted on the effect of HBM on NEC and even less is known about the mechanisms by which HBM components can contribute to the protective effect of HBM on NEC.
In the current study, we focused on one specific molecule found in HBM; i.e. TIMP-1, and investigated whether it plays any role in keeping the integrity of the gut barrier. Our primary assumption was that since TIMP-1 expression in HBM obtained from mothers feeding preterm infants is significantly higher than TIMP-1 expression in HBM obtained from mothers feeding term infants, it may play a role in the prevention of the proteolysis of extra cellular proteins, in particular those proteins that form the tight junctions and prevent the characteristic gut barrier damage observed in NEC patients.
The in vitro model system used was the Caco-2 intestinal cell line since it is of human intestinal origin and has the ability to create an epithelial monolayer with intact tight junctions. We were able to demonstrate that Caco-2 cells grown in medium supplemented with low levels of FBS (0.5%) secrete MMP-2 in its active form, whereas cells grown in medium with high levels of FBS (20%) secrete MMP-2 in its proenzyme inactive form. This model may reflect some of the characteristics of the intestinal epithelium during NEC, i.e., under stressed conditions (nutrient restriction) the cells secrete active MMP-2, whereas nonstressed cells secrete inactive MMP-2 (see Figure 1) . We concentrated on MMP-2 since we speculate that this metalloproteinase may play a constitutive physiological role in the healthy intestinal epithelium and in contrast it may play a destructive role during NEC development. We base this assumption on the fact that it was previously reported that in NEC MMP's activities are out of balance (15) and that MMP-2 was found to be highly expressed in HBM (11) .
Almost all MMPs can be inhibited by all four TIMPs, but differences in binding affinity have been reported (23, 24) . In the present study, the ability of TIMP-1 to inhibit MMP-2 activity was analyzed. Our results show that TIMP-1 inhibits MMP-2 activity in a dose-dependent manner with a significant 23% (P < 0.0012) inhibition at 100 ng/ml and up to 43% (P < 0.0001) at 200 ng/ml. We chose to focus our study on a TIMP-1 concentration of 100 ng/ml, since it is the minimal effective protein level able to induce a significant inhibition of MMP-2 activity.
Previous studies (20, 25) demonstrate that TIMP-1 is able to translocate into the nucleus and exert a potential role in regulation of the expression of several genes. We therefore evaluated the putative effect of TIMP-1 on apoptosis which is an important process affecting the epithelial monolayer integrity. Evaluation of apoptosis was monitored based on the expression of two key genes involved in this process, i.e., Bax and Bcl-2 (26) . We found that TIMP-1 at concentrations of 10 and 100 ng/ml did not induce any effect on the expression of the gene coding to the proapoptotic protein Bax nor on the expression of the gene coding to the antiapoptotic protein Bcl-2 in Caco-2 intestinal cells. Since one of the characteristics of NEC pathology is the disarray that the gut barrier experiences, the main goal of our study was therefore, to investigate the effect of TIMP-1 on the expression of specific tight junction proteins. Based on findings from previous studies that TIMP-1 is able to translocate into the nucleus and play an unidentified role in nuclear function, such as control of gene expression (20, 25) we firstly assessed whether TIMP-1 affects transcription of genes coding for tight and adherence junction proteins. TIMP-1did not alter the expression of the two main tight junction proteins-coding genes: occludin and claudin-4. Additionally, TIMP-1 did not affect the expression of associated tight junction protein coding gene, ZO-1. Finally, TIMP-1 did not affect the expression of the adherence junction gene β-catenin.
We then evaluated the effect of TIMP-1 treatment on the protein expression of two important tight junction proteins, i.e., occludin and claudin-4. We demonstrate that occludin degradation was significantly inhibited when Caco-2 cells were exposed to TIMP-1. This finding may have a significant implication on the putative protective effect that TIMP-1 may exert on NEC disease in terms of MMP inhibition. Since secreted active MMP's were previously demonstrated to play a key destructive role on the intestinal epithelium inducing a higher permeability of the intestinal barrier and the progression of NEC, inhibiting this activity may be of pivotal importance. Interestingly, the expression of the tight junction protein claudin-4 was not affected by TIMP-1 treatment in the range of concentrations tested. This result may signify that MMP-2 plays a differential role in the degradation of different tight junction proteins. Since both occludin and claudin-4 share a structural resemblance; i.e., A tetra-span protein with two extracellular loops similarly located, at the epical and lateral sides, a likely explanation to occludin specificity by MMP-2 would be the differences in the amino acid sequence found between those two proteins. There are some differences on this regard, and in contrast to claudin-4, occludin includes areas rich in tyrosine especially in the first extracellular ring (19) . The cleavage activity of MMP-2's is directed toward peptide bonds found in residues within the hydrophobic side chains (16) such as Phe, Leu, Ile, and Tyr. If we take this structural feature into consideration, then occludin provides a much more suitable candidate for MMP-2 degradation. Therefore, Articles inhibiting MMP-2's activity may specifically inhibit only occludin degradation whereas it will not induce any effect on claudin-4 degradation. Supporting our assumption, a previous study demonstrated that chemical inhibition of MMP's leads to reduced proteolysis of occludin, and reduces the permeability of cellular junctions (27) . Supporting this view, it was also recently shown that MMP-2 activity is involved with occludin degradation in a cerebral ischemia model (28) . Unlike occludin, claudin-4 which is a member of the claudins that is expressed in the intestine has no unique areas rich in hydrophobic residues and thus it is less expected to be degraded by MMP-2 cleavage. We summarize in the scheme provided in Figure 6 the potential role MMP-2 and TIMP-1 may play on tight junction integrity during NEC. We conclude that one of the mechanisms associated with HBM protection against NEC is mediated by TIMP-1, a protein found at high concentrations in preterm HBM, and demonstrated to play a key role in controlling MMP-2 degradation activity, specifically of the tight junction protein occludin, thereby preserving tight junctions integrity and avoiding the destruction of the gut barrier characteristic of NEC disease.
METHODS
This study was approved by The Hebrew University of Jerusalem Review Board.
Cell Culture
The human colon cell line Caco-2 (purchased from the American Type Culture Collection, Manassas, VA), was cultured in Dulbecco's modified Eagle's medium (DMEM; Sigma Aldrich, St. Louis, MO) supplemented with 20% (v/v) FBS (SAFC Biosciences Lenexa, KS) and 0.2% (v/v) Penicillin Streptomycin Nystatin (Biolab-chemicals, Jerusalem, Israel). Cells were grown in 37 °C humidified atmosphere 95% air and 5% CO 2 .
TIMP-1 Experiments
Confluent Caco-2 cells were trypsinized with a trypsin-ethylenediaminetetraacetic acid solution (Biological Industries, Beit Haemek, Israel), counted and seeded (3 × 10 5 ) in 12-well plates (Thermo Fisher Scientific-Nunc A/S, Roskilde, Denmark). After 48 h, the medium was replaced to DMEM supplemented with 0.5% (v/v) FBS and 0.2% (v/v) Penicillin Streptomycin Nystatin. Cells were treated for 12 h with recombinant TIMP-1 (Aviva systems biology, San Diego, CA), that was added to the medium at final concentrations of 10, 50, 100, and 200 ng/ml. Cells not treated with TIMP-1 (exposed only to fresh culture medium), served as control. At the end of the treatment, the CM was collected and kept at −80 °C until used for Zymography analysis. The cells were lysed with RIPA lysis buffer or Tri reagent (Sigma Aldrich) and kept at −80 °C until further analysis.
Zymography
Equal volumes of CM were separated on 10% SDS-PAGE, containing 0.1% (w/v) gelatin (Type A, Sigma Aldrich). The gel was washed twice with washing buffer (Triton X-100 2.5% v/v, Tris pH 7.5), then incubated for 24 h in Tris buffer pH 7.6 containing 10 mmol/l CaCl 2 , at 37 °C. After incubation, the gel was stained with 0.1% (w/v) Coomassie brilliant blue R-250 (Sigma Aldrich) solution (50% methanol, 7% acetic acid) for 1 h, and then destained in 3% glycerol Immunofluorescence Cells were grown on round 18-mm glass cover slips precoated with 0.1% (w/v) gelatin (Type A, Sigma Aldrich), and treated as described above. At the end of the experiment the cells were fixed with 3.7% (w/v) paraformaldehyde solution, washed with phosphate-buffered saline and incubated with anti-Occludin antibody (Life technologies, Carlsbad, CA) over night. After washing (×4) with phosphate-buffered saline, cells were incubated with secondary antibody (Alexa 488, Invitrogen, Life technologies), washed (×4) with phosphate-buffered saline and mounted on glass slides with Flouro-mounting media (Sigma Aldrich). Fluorescent pictures were captured with an Eclipse TE2000-U Confocal microscope (Nikon, Tokyo, Japan).
MMP-2 Inhibition Assay
Inhibition of MMP-2 enzymatic activity by TIMP-1 was assessed by a commercial kit (ENZO Life Sciences, Farmingdale, NY), based on the thiopeptide (Ac-PLG-(2-mercapto-4-methyl-pentanoyl)-LG-OC2H5) as a chromogenic substrate. After preincubation, according to the manufacturer's instructions, the kinetic of MMP-2 inhibition was measured with a spectrophotometer (TriStar LB 941, Berthold Technologies GmbH & Co. KG) at a wavelength of 405 nm taken each at 1 min intervals continuously for 1 h. The effect of different concentrations of recombinant TIMP-1 (ranged from 10 to 200 ng/ml), were tested. The inhibitor NNGH (N-Hydroxy-2-(((4-methoxyphenyl) sulfonyl)(2-methylpropyl)amino)acetamide) provided the activity control. Results (calculated according to the manufacturer's equation and instructions) were obtained from four different measurements that were normalized to blanks and their averages used to calculate the slopes. The values calculated from the slopes were then used to calculate the percent of the remaining MMP-2 activity relative to control.
Western Blot Analyses
Whole cell lysates (45 µg of protein) were separated in 10% SDS-PAGE and transferred onto nitrocellulose membranes. The membranes were incubated for 1 h in 5% (w/v) skim milk-TBST (Tris-buffered saline supplemented with 0.1% (v/v) Tween 20). Membranes were then incubated over night with primary antibodies against occludin (Life Technologies), Claudin-4 (Santa Cruz Biotechnologies, Dallas, Texas) or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Santa Cruz Biotechnologies). After washing the membranes with TBST, they were incubated for 1 h at room temperature with corresponding horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA). The membranes were developed with enhanced chemiluminescence (ECL) (Santa Cruz Biotechnologies), and photographed with ChemiDoc MP System (Biorad). Quantification of bands was carried out with Image Lab software (Biorad).
Quantitative Real-Time PCR Total RNA was isolated using TRI Reagent (Sigma Aldrich), according to the manufacturer's protocol. Thousand nanograms of RNA were reverse transcribed to cDNA using the qScript cDNA Synthesis kit (Quanta BioSciences, Gaithersburg, MD). 18.75 ng of cDNA were used for each Sybr green (Quanta BioSciences) Real-Time PCR reaction with the 7300 Real-Time PCR (Applied Biosystems, Life technologies). Primers for these reactions (Hy-Labs, Rehovot, Israel) were designed against known human sequences: Occludin (NM_001205254.1), forward, 5′-GGACTCTACGTGGATCAGTATTTG-3′; reverse, 5′-AAT AATCATGAACCCCAGTACAATG-3′. Claudin-4 (NM_001305.4), forward, 5′-TGGGGCTACAGGTAATGGG-3′; reverse, 5′-GGTCTG 
